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Abstract 

Conducting  polymer  composite  films  comprised  of  polyaniline  (PANI)  and  single  wall  carbon  nanotubes  (SWNT)  was  prepared  by  elec¬ 
trochemical  codeposition  during  the  electropolymerization  in  an  aniline  solution  with  suspending  SWNT.  The  fabricated  composite  films  are 
assessed  with  respect  to  their  potential  application  as  support  materials  in  Pt  electrocatalyst  for  electrochemical  oxidation  of  methanol.  The 
PANI/SWNT  composite  film  incorporated  with  SWNT  has  a  higher  polymeric  degree  and  lower  defect  density  in  PANI  structure  than  PANI 
film.  Furthermore,  the  incorporation  of  SWNT  also  leads  to  higher  electrochemically  accessible  surface  areas  (, Sa ),  electronic  conductivity 
and  easier  charge-transfer  at  polymer/electrolyte  interfaces,  which  make  higher  dispersion  and  utilization  for  deposited  Pt.  Therefore,  the  Pt 
particles  electrodeposited  on  PANI/SWNT  composite  polymer  film  exhibits  excellent  catalytic  activity  and  stability  for  the  electrooxidation  of 
methanol  in  comparison  to  Pt  supported  on  PANI  film,  which  reveals  that  the  composite  film  is  more  promising  for  application  in  electrocatalyst 
as  a  support  material. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Recently,  there  has  been  an  increasing  interest  in  the  devel¬ 
opment  of  direct  methanol  fuel  cells  (DMFCs).  However,  the 
major  problems  of  electrocatalyst  in  DMFC  are  the  high  load¬ 
ing  of  Pt  and  deactivation  of  Pt  electrocatalyst  [1,2].  It  has 
been  proved  that  the  support  materials  in  electrocatalysts  play 
an  important  role  to  the  electrochemical  performance  [3]. 
Though  improvement  has  been  made  in  the  catalytic  activity 
and  stability  of  the  electrocatalyst  by  effectively  dispersing  Pt 
and  Pt  based  particles  onto  the  various  electronically  conduct¬ 
ing  supports,  much  efforts  is  still  continuing  making.  Besides 
traditional  carbon  support  materials  (XC-72),  the  appear¬ 
ance  of  novel  carbon  materials,  such  as  graphite  nanofibers 
(GNFs)  [4,5],  carbon  nanotubes  (CNTs)  [6-8]  and  mesocar- 
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bon  microbeads  (MCMB)  [9,10]  provide  new  candidates  of 
carbon  supports  for  Pt  and  Pt  based  electrocatalyst. 

On  the  other  hand,  to  date,  some  new  attempts  have  been 
made  to  design  and  synthesize  conducting  polymer/carbon 
nanotube  composite  materials  for  various  target  applications 
such  as  electrochemical  devices,  light-emitting  diodes,  chro¬ 
matography,  electrostatic  discharge  protection  and  corrosion- 
protecting  paint  [11-13].  Among  them,  composite  made 
from  single- walled  carbon  nanotubes  (SWNT)  and  polyani¬ 
line  (PANI)  were  synthesized  through  chemical  routes  used 
as  printable  conductors  for  organic  electronic  devices  [14]. 
Here,  we  consider  that  the  combination  of  PANI  with  SWNT 
would  offer  an  attractive  composite  support  material  for  elec¬ 
trocatalyst  in  DMFCs  to  enhance  its  activity  and  stability 
based  on  morphological  modification  or  electronic  interac¬ 
tion  between  two  components.  In  this  composite  structure, 
the  reason  to  chose  poly  aniline  (PANI)  as  the  polymer  matrix 
from  various  conducing  polymer,  is  due  to  its  relatively 
wide  potential  stability  (0-1 .0  V)  [15],  reproducible  synthesis 
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and  good  electronically  conducting  (1  to  102  Scm-1)  [16]. 
Meanwhile,  SWNT  exhibit  high  external  surface,  good  elec¬ 
tronic  conductivity,  low  density,  high  mechanical  strength 
and  high  stability.  Therefore,  the  formation  of  hybrid  mate¬ 
rials  by  incorporation  of  SWNT  into  PANI  matrix  for  the 
fabrication  of  PANI/SWNT  composite  support  is  an  inter¬ 
esting  approach  to  improve  the  properties  of  electrocatalyst 
materials  because  composite  structure  may  exhibit  improved 
characteristics  with  respect  to  the  individual  component  com¬ 
pounds. 

However,  the  low  solubility  of  SWNT  in  most  solvent  lim¬ 
its  the  feasibility  of  synthesizing  this  kind  composite  film  by 
chemical  route  [17].  To  the  best  of  our  knowledge,  there  have 
been  no  reports  either  on  the  synthesis  PANI/SWNT  compos¬ 
ite  film  by  electrochemical  codeposition  or  its  use  for  support 
materials  in  the  electrocatalytic  oxidation  of  methanol.  In 
this  work,  we  describe  the  synthesis  and  characterization 
of  PANI/SWNT  composite  film  incorporated  SWNT  into 
PANI  matrix  via  electrochemical  composite  codeposition 
technique  during  the  process  of  electropolymerization.  The 
PANI/SWNT  composite  film  dispersed  Pt  by  electrodeposi¬ 
tion  technique  shows  much  higher  mass  activity  and  stability 
for  methanol  oxidation  than  a  pure  PANI  film  and  is  more 
promising  for  application  in  electrocatalyst. 


2.  Experimental 

2.7.  Preparation  Pt-PANI/SWNT  composite  films 

Single  wall  carbon  nanotubes  (SWNTs)  employed  in  this 
work  were  provided  by  Nankai  University  and  produced 
via  CVD  method  [18].  A  general  method  to  purify  and 
modify  the  nanotubes  surface  is  a  pretreatment  by  reflux¬ 
ing  in  HCI  +  HNO3  solution  (3:1)  for  8h,  followed  by  an 
extensive  washing  with  deionized  water.  After  then,  the 
pretreated  SWNTs  were  suspended  in  a  solution  of  0.1  M 
C6H5NH2  +  0.5M  H2SO4  with  a  concentration  of  1  gL-1. 
In  addition,  an  ultrasonic  generator  was  used  to  minimize  the 
agglomeration  of  SWNTs  before  electropolymerization  pro¬ 
cess.  To  electropolymerize  PANI/SWNT,  glassy  carbon  (GC) 
rotating  disc  electrode,  as  working  electrode  was  carried  out 
in  the  cycling  potential  range  of  0.05-1.1  V  at  a  sweep  rate 
50  mV  s-1  using  EG&G  PAR  273  potentiostat-galvanostat. 
The  thickness  of  PANI/SWNT  films  obtained  was  deter¬ 
mined  by  the  total  anodic  charge,  supposing  that  charge  of 
16mCcm-2  corresponds  to  a  thickness  of  0.063  pan  [19]. 
To  disperse  Pt  particles  into  polymer  matrix,  electrodepo¬ 
sition  was  conducted  in  0.5  M  H2SO4  containing  3mM 
H2PtCl6  at  constant  potential  0.05  V  for  different  time  to 
obtain  various  Pt  loadings.  In  order  to  deposit  Pt  particles 
uniformly,  prior  to  the  electrodeposition,  the  PANI/SWNT 
film  were  soaked  in  electrolytes  for  15  min  to  let  metal 
ions  fully  adsorb  into  PANI/SWNT  films.  After  the  elec¬ 
trodeposition,  the  H2PtCl6  electrolyte  was  replaced  by  the 


0.5  M  H2SO4  solution  and  potential  sweeps  between  0  and 
0.95  V  was  continued  until  no  change  of  anodic  current. 
The  purpose  of  these  additional  procedures  is  the  elimi¬ 
nation  of  traces  of  the  Cl“,  which  would  poison  the  Pt 
catalysts. 

2.2.  Physical  and  electrochemical  characterizations 

The  PANI  and  PANI/SWNT  films  were  characterized  by 
XPS  using  an  ESC  A  210  and  MICROLAB  310D  spectrome¬ 
ter.  For  recording  the  spectra  Mg  Ka  (hv  =  1253.6  eV)  irradia¬ 
tion  was  employed  as  the  photon  source  with  primary  tension 
of  12  kV  and  emission  current  of  20  mA. 

The  observations  of  the  morphology  of  PANI  and 
PANI/SWNT  before  and  after  the  electrodeposition  Pt  were 
carried  out  using  a  JEM-100S  transmission  electron  micro¬ 
scope  (TEM).  In  addition,  Pt-PANI  and  Pt-PANI/SWNT 
samples  were  also  performed  on  Hitachi  S-5400  scanning 
electron  microscopy  (SEM)  at  15  kV  to  determine  the  metal 
dispersion. 

The  glassy  carbon  RDE  deposited  PANI  and  PANI/SWNT 
films  after  30  cycle  electropolymerization  were  characterized 
as  a  working  electrode  in  0.5  M  H2SO4  by  cyclic  voltam- 
mograms  (C  V)  and  electrochemical  impedance  spectroscopy 
(EIS)  using  an  EG&G  model  273  potentiostat/galvanostat 
and  1025  Frequency  Response  Detector.  The  sweep  rate  in 
CV  measurement  is  20  mV  s_1 .  EIS  measurements  were  per¬ 
formed  under  open  circuit  potential  between  100  kHz  and 
0. 1  Hz  frequency  ranges  with  an  excitation  signal  of  5  mV. 
To  evaluate  their  impedance  parameters,  Zsimpwin  fitting 
program  was  chosen  to  analyze  the  impedance  spectra. 

2.3.  Methanol  electrooxidation  on  Pt-PANI/SWNT 

Methanol  electrooxidation  on  the  Pt-PANI  and  Pt- 
PANI/SWNT  was  examined  by  CV  at  20mVs_1  ranged 
from  0  to  0.95  V  and  current-time  curves  at  0.65  V  in  0.5  M 
CH3OH  +  O.5M  H2SO4  solution.  All  the  electrochemical 
experiments  were  carried  out  at  25  °C. 

3.  Results  and  discussion 

3. 1.  Electropolymerization  of  PANI  and  PANI/SWNT 
films 

To  determine  the  effect  of  incorporated  SWNT  on  poly¬ 
mer  growth  process,  cyclic  voltammo grams  (CV)  for  PANI 
and  PANI/SWNT  composite  film  during  the  electropolymer¬ 
ization  at  1st,  20th  and  30th  cycle  were  shown  in  Fig.  1, 
respectively.  During  the  electropolymerization  process,  an 
increase  in  the  redox  currents  and  an  appearance  of  a  greenish 
color  characteristic  of  polyaniline  emeraldine  salt  in  solution 
around  the  electrodes  are  observable  suggesting  a  growth  of 
the  polyaniline  film.  Moreover,  there  are  three  pairs  of  redox 
peaks  labeled  as  A /A'-C/C'.  The  first  redox  peak  at  about 
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Fig.  1.  Electropolymerization  process  of  PANI  (a)  and  PANI/SWNT  (b)  at 
1st  ( — ),  20th  ( - )  and  30th  (•  •  •)• 

0.42  V  corresponds  to  the  transition  of  the  polyleukoemeral- 
dine  (LE)  to  polyemeraldine  (EM)  on  the  forward  scan,  and 
on  the  backward  scan  switching  back  to  LE  can  be  seen. 
The  second  peak  at  0.68  V  can  be  ascribed  to  the  oxida¬ 
tion  of  head-to-tail  dimmer.  The  third  redox  peak  at  about 
0.98  V  corresponds  to  the  transition  of  EM  to  polyperni- 
graniline  (PE),  while  on  the  reversed  scan  the  PE  reduction 
to  EM  is  also  observed.  [20].  From  a  comparison  of  PANI 
and  PANI/SWNT,  the  polymerization  behavior  of  the  solu¬ 
tion  containing  SWNT  is  similar  in  sharp  to  that  from  the 
single  aniline  solution,  indicating  that  the  mechanism  of 
aniline  polymerization  is  not  significantly  affected  by  the 
presence  of  SWNT.  However,  it  should  be  noted  that  the 
current  of  peak  C  on  the  30th  cycle  for  PANI/SWNT  is 
almost  one  order  higher  than  that  for  pure  PANI.  This  result 
reveals  that  the  rate  of  aniline  polymerization  is  undoubt¬ 
edly  enhanced  by  the  presence  of  SWNT  in  the  electrolytes. 
This  may  be  because  the  SWNT  are  a  good  electron  acceptor 
and  aniline  is  a  fairly  good  electron  donor.  The  SWNT  and 
aniline  may  form  a  charge-transfer  couple  in  their  ground 
state.  Therefore,  this  couple  with  strong  interactions  leads 
to  charge  stabilization  and  thus  effectively  promotes  the 
growth  of  PANI,  and  then  they  may  serve  as  condensation 
nuclei  to  increase  the  propensity  for  the  polymer  to  aggre¬ 
gate  [21]. 


3.2.  XPS  analysis 

To  determine  the  structure  and  polymeric  degree,  the  PANI 
and  PANI/SWNT  films  were  subjected  to  the  XPS  examina¬ 
tion  to  investigate  the  effect  of  incorporated  SWNT  on  intrin¬ 
sic  structure  of  poly  aniline  matrix.  A  typical  XPS  core-level 
N  Is  for  the  PANI  films  and  PANI/SWNT  composite  film 
are  shown  in  Fig.  2.  These  core  level  spectra  show  relatively 
broad  peaks,  suggesting  the  existence  of  several  structures. 
Thus,  the  XPS  peaks  of  N  Is  are  reasonably  composed  of 
four  Gaussian-Lorentzian  peaks  with  the  binding  energy  of 
398.7,400.0,401.2,  and  402.6  e V,  respectively.  The  peak  with 
the  lowest  binding  energy  (398.7  eV)  is  due  to  the  neutral  and 
imine-like  (=N— )  structure,  and  the  peak  centered  at  400.0  eV 
is  attributed  to  neutral  and  amine-like  nitrogen  atoms  (— NH— ) 

[22] .  The  peak  centered  at  401.2  eV  is  attributed  to  the  nitro¬ 
gen  atom  with  a  delocalized  positive  charge  N*+  on  the  poly¬ 
mer  backbone  compensated  with  the  counterions  (SO42-) 
and  the  highest  binding  energy  (402.6  eV)  peak  is  due  to  the 
protonated  amine  units.  All  these  peaks  are  characteristic  to 
the  doped  PANI.  Especially,  The  ratio  of  [=N— ]/[— NH— ]  can 
provide  a  direct  evaluation  of  the  intrinsic  oxidation  state  of 
PANI  and  is  indicative  of  the  polymeric  level  in  the  polymer 

[23]  .  Therefore,  the  effect  of  SWNT  on  the  intrinsic  oxidation 
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Fig.  2.  XPS  spectra  of  N  Is  for  (a)  PANI  and  (b)  PANI/SWNT  film. 
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Narrow  scan  XPS  for  PANI  and  PANI/SWNT  films 
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Sample 

Relative 

5  concentration  (at.%) 

N  Is 

(%) 

C  ls(%) 

C  Is 

N  Is 

O  Is 

S2p 

[=N- 

-]/[— NH— ] 

C-C/C-H 

C=N 

C=N+/C— O 

\/ 

n 

II 

0 

PANI 

58.6 

9.7 

27.9 

3.8 

0.30 

40 

28 

18 

14 

PANI/SWNT 

63.7 

9.6 

23.2 

3.5 

0.59 

45 

37 

16 

2 

state  and  doping  level  of  PANI  can  be  quantitatively  calcu¬ 
lated  from  the  [=N— ]/[— NH— ]  ratio  (Table  1)  and  the  results 
exhibit  that  the  intrinsic  oxidation  state  of  the  PANI/SWNT 
is  increased  due  to  the  incorporation  of  SWNT. 

The  XPS  core  level  spectra  of  C  Is  for  the  PANI  and 
PANI/SWNT  film  are  also  shown  in  Fig.  3.  All  these 
C  Is  spectra  show  the  asymmetric  characteristics,  indi¬ 
cating  the  presence  of  structure  defects  [24].  Through 
Gaussian-Lorentzian  fitting,  these  C  Is  spectra  can  be  fitted 
into  four  components  at  284.7  (C— C  or  C— H),  285.9  (C=N), 
286.6  (C=N+  or  — C— O)  and  287.9  eV  (>C=0),  respectively 
[25].  The  presence  of  carbonyl  carbons  >C=0  appeared  at 
highest  binding  energy  is  formed  by  the  attack  of  water 
molecular  during  the  polymerization  [26] .  The  relative  area 
of  four  peaks  were  calculated  and  also  reported  in  Table  1 . 
In  particular,  the  relative  area  of  these  two  higher  binding- 
energy  peaks  (centered  at  286.6  and  287.9  eV)  is  used  to 
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Fig.  3.  XPS  spectra  of  C  Is  for  (a)  PANI  and  (b)  PANI/SWNT  film. 


evaluate  the  density  of  carbonyl  defects  within  polymers, 
showing  the  degradation  of  the  polymer  [27] .  From  the  results 
of  Table  1 ,  comparing  to  pure  PANI  film,  the  defect  density 
in  PANI/SWNT  composite  film  is  decreased  due  to  the  incor¬ 
poration  of  SWNT.  As  a  result,  the  XPS  analysis  shows  that 
the  PANI  film  doped  with  SWNT  has  a  higher  polymeric 
degree  and  lower  defect  density,  which  probably  results  in 
better  electrochemical  properties  and  conductivity. 

In  addition,  the  PANI  coverage  in  PANI/SWNT  composite 
film  can  be  estimated  from  relative  amounts  of  carbon  and 
nitrogen  atoms  at  the  surface  [28].  As  measured  by  XPS  the 
(N/C)  in  single  PANI  is  0.165,  which  is  very  close  to  the 
theoretical  value  (0.167).  In  the  case  of  PANI/SWNT,  the 
(N/C)  value  is  0.150  and  the  calculated  coverage  of  PANI 
is  about  90.1%  ((N/C)pani/swnt/(N/C)pani)  indicating  the 
well  incorporation  of  SWNT  in  PANI  matrix. 

3.3.  TEM  of  PANI  and  PANI/SWNT  films 

TEM  of  PANI  and  PANI/SWNT  composite  film  are  shown 
in  Fig.  4.  As  shown  in  Fig.  4(a)  and  (b),  PANI  appears  den¬ 
dritic  structure  with  the  dimension  range  of  100-150  nm. 
Comparing  with  PANI,  it  was  found  that  SWNT  slight 
affected  the  sharp  of  resulting  PANI/SWNT  composite  as 
shown  in  Fig.  4(c).  However,  it  should  be  noticed  that  the 
edge  of  PANI  is  relatively  smooth  (Fig.  4(b)),  while  as  for 
PANI/SWNT,  SWNT  obviously  appears  at  the  edge  of  the 
composite  film  exhibiting  fine  filar  across  the  field  of  view 
for  local  magnified  TEM  images  (Fig.  4(d)).  Therefore,  com¬ 
bination  of  XPS  and  TEM  analyses  seems  to  prove  that  the 
SWNT  was  incorporated  into  PANI  matrix  and  only  a  fraction 
is  bare. 

3.4.  Electrochemical  characterization 

The  CV  curves  of  PANI/SWNT  and  PANI  films  in  0.5  M 
H2SO4  solution  are  presented  in  Fig.  5.  From  CV  curves,  the 
currents  at  chosen  potential  (0.65  V)  associated  to  double¬ 
layer  capacitance  can  be  obtained  and  are  depended  on  the 
concentrations  of  the  surface  groups.  The  presence  of  sur¬ 
face  functional  groups  can  enhance  hydrophilism  and  thereby 
facilitate  the  access  of  the  electrolyte  to  the  internal  pore 
structure  and  increase  the  effective  accessible  surface  area  Sa 
(m2  g~ 1 )  of  the  polymer  films.  Meanwhile,  Sa  is  related  to  the 
gravimetric  double-layer  capacitance  C  (Fg_1)  and  may  be 
calculated  at  a  given  scan  rate  v  as  C-Hvm  [29],  where  I  is 
the  current  and  m  is  the  electrode  mass.  So  the  Sa  can  be  esti¬ 
mated  as  specific  value  from  the  gravimetric  capacitance  C  of 
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Fig.  4.  TEM  images  of  PANI  (a  and  b)  and  PANI/SWNT  (c  and  d)  film. 


polymer  films  by  the  equation  Sa  =  C/Cqc ,  where  Cqc  is  the 
double-layer  capacitance  (F  m-2)  of  glassy  carbon  electrode 
surface,  for  which  the  typical  value  of  0.2  Fm-2  was  used. 
On  the  basis  of  the  above  equations,  the  Sa  for  PANI/SWNT 
composite  film  is  1026.2  m2  g-1  and  obviously  higher  than 
that  of  PANI  (257.5  m2  g~l).  Accordingly,  the  PANI/SWNT 
composite  films,  which  have  highly  accessible  surface  area 
will  have  more  active  sites  for  electrochemical  reaction  than 
PANI  film.  Therefore,  we  can  expect  the  S  WNT  have  an  obvi¬ 
ously  positive  effect  to  PANI  in  term  of  their  application  in 
electrocatalysts. 


Impedance  spectra  of  the  conducting  polymer  matrix 
may  be  considered  to  study  the  characteristics  of  film 
conductivity,  structures  and  charge  transport  in  polymer 
film/electrolyte  interface.  Therefore,  the  Nyquist  plots  for 
PANI  and  PANI/SWNT  films  after  30  cycle  numbers  of  CV 
for  electropolymerization  are  shown  in  Fig.  6(a)  and  (b), 
respectively.  It  can  be  seen  that  although  the  S  WNT  had  been 
incorporated  into  polyaniline  matrix,  both  of  the  impedance 
spectra  of  the  films  display  similar  characteristics,  which  the 
impedance  spectra  consist  of  a  depressed  semicircle  at  high 
frequencies  followed  by  a  linear  spike  at  low  frequencies. 
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Fig.  5.  Cyclic  voltammograms  of  PANI  and  PANI/SWNT  films  in  0.5  M 
H2SO4  solution  at  a  sweep  rate  of  20 mV  s_1 . 


Thus  an  equivalent  circuit  shown  in  Fig.  7  would  be  used  to 
represent  the  impedance  behavior  of  PANI  and  PANI/SWNT 
composite  film  in  H2SO4  solution  at  open  circuit  potential. 
In  this  circuit,  the  high  frequency  intercept  on  real  axis  is  due 
to  solution  resistance  (Re  1).  A  parallel  combination  of  Rct  and 
<2di  has  been  considered  to  form  the  semicircle,  whose  diame¬ 
ter  has  been  considered  as  the  charge- transfer  resistance  ( Rci ) 
representing  the  rate  of  charge  exchange  between  ions  in 
aqueous  and  polymer  chain  at  electrochemical  interface.  Con¬ 
sidering  the  porous  nature  of  PANI  and  PANI/SWNT  films, 
double-layer  capacitance  was  expressed  as  constant  phase 
elements  (CPE)  <2dl  (Zcpe  =  A(jco)~n)  in  the  equivalent- 
circuit  models.  The  physical  meaning  of  <2dl  and  n  are  related 
to  the  accessible  surface  area  of  PANI  and  PANI/SWNT  film 
in  electrochemical  reactions.  Meanwhile,  due  to  the  semi¬ 
infinite  diffusion  of  anions  at  the  polymer-electrolyte  inter¬ 
face,  a  straight  line  at  low  frequencies  can  be  expressed  by 
using  a  Warburg  diffusion  element  (W)  [30].  Rf  and  Cf  rep¬ 
resent  electronic  resistance  and  faradaic  pseudo-capacitance 
of  polymer  film,  respectively. 


Fig.  7.  Equivalent  circuit  for  PANI  and  PANI/SWNT  filminH2S04  solution: 
Re\,  solution  resistance;  Rct,  charge-transfer  resistance;  Q&\,  constant  phase 
element  related  to  double-layer  capacitance;  W,  Warburg  impedance;  Rf, 
film  resistance;  Cf,  film  capacitance. 

The  corresponding  solid  lines  in  Fig.  6  are  the  fitted  curves 
according  to  the  equivalent  circuit.  The  good  fitting  results 
implies  that  the  equivalent  circuit  models  can  reasonably 
explain  the  electrochemical  processes  occurring  in  PANI  and 
PANI/SWNT  films  at  open  circuit  potential.  According  to 
the  equivalent  circuit,  the  simulated  values  of  the  impedance 
parameters  were  determined  by  CNLLS  fitting  procedure  and 
listed  in  Table  2.  By  comparing  fitted  results  between  PANI 
films  and  PANI/SWNT  composite  films,  greater  <2di  and 
smaller  Rct  values  were  found  for  PANI/SWNT  film,  suggest¬ 
ing  higher  Sa  and  easier  charger-transfer  at  interface  (poly¬ 
mer/electrolyte).  Increment  of  Sa  of  the  composite  film  sur¬ 
face  might  be  a  part  of  reason  causing  increase  in  gdl  •  Another 
reasonable  explanation  for  larger  gdi  maybe  is  due  to  better 
hydrophilic  ability  of  PANI/SWNT  composite  film.  Mean¬ 
while,  higher  Sa  and  porous  structure  can  also  explain  increas¬ 
ing  W  values  representing  promotion  of  mass  diffusion. 

Moreover,  the  film  resistance  Rf  was  also  found  to  decrease 
from  1 0.2  Q  cm2  for  PANI  to  2.5  Q  cm2  for  PANI/SWNT 
composite  film  and  Cf  from  3.9  to  2.2  p,F  cm-2  after  30  cycle 
electropolymerization,  which  is  also  attributed  the  enhance¬ 
ment  of  the  electronic  conductivity  due  to  the  interaction 
between  PANI  and  SWNT  increasing  the  effective  degree 
of  electron  delocalization  and  the  dopant  effect  or  charge- 
transfer  from  the  quinoid  unit  of  PANI  to  the  SWNT. 

3.5.  Morphology  ofPt-PANI  and  Pt-PANI/SWNT 

To  investigate  the  morphology  of  Pt  particles  into  PANI 
and  PANI/SWNT  films  and  its  influence  on  methanol  oxida- 


Fig.  6.  Nyquist  plots  of  PANI  (a)  and  PANI/SWNT  (b),  solid  line  is  fitted  results. 
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Table  2 


Fitted  parameters  of  the  elements  on  equivalent  circuits  for  PANI  and  PANI/SWNT  films  in  0.5  M  H2SO4  solution  at  open  circuit  potential 


Films 

CPE  (x  105  Q  1  s"  cm  2) 

n 

Rc t  (Q  cm2) 

W(xl03£2  1  cm  2  s0-5) 

Cf  (xl06Fcm-2) 

Rf  (£2  cm2) 

PANI 

3.2 

0.71 

375 

3.1 

3.9 

10.2 

PANI/SWNT 

12.1 

0.69 

45 

6.8 

2.2 

2.5 

tion,  SEM  and  TEM  images  of  Pt-PANI  and  Pt-PANI/SWNT 
are  shown  in  Figs.  8  and  9,  respectively. 

It  can  be  seen  from  SEM  observation  for  both  Pt-PANI  and 
Pt-PANI/SWNT,  the  particles  are  spread  in  a  homogeneous 
arrangement  on  polymer  matrix.  However,  it  was  found  that 
the  incorporation  of  SWNT  strongly  affected  the  morphol¬ 
ogy  of  Pt  particles  deposited  on  polymer  films  at  the  same 
conditions.  Moreover,  the  Pt-PANI/SWNT  shows  a  loose  and 
well-distributed  structure,  which  exhibits  a  fine  Pt  particles 
varying  size  between  10  and  80  nm.  In  the  case  of  Pt-PANI, 
the  Pt  particle  exhibit  coarse  granules  with  a  size  ranges  from 
50  to  120  nm. 

In  addition,  despite  SWNT  cannot  clearly  observe  at  this 
magnification  for  SEM,  according  to  previous  XPS  and  TEM 


analyses,  the  SWNT  had  been  well  incorporated  into  PANI 
matrix. 

Fig.  9  shows  the  TEM  images  of  Pt  particles  deposited 
on  PANI  and  PANI/SWNT  composite  films.  The  large  gray 
parts  are  the  images  of  PANI  and  PANI/SWNT,  while  the 
scattered  black  spots  are  the  images  of  Pt  particles.  The  aver¬ 
aged  size  and  distribution  of  Pt  particles  were  obtained  by 
randomly  measuring  the  sizes  of  at  least  100  particles  in  the 
magnified  images.  The  TEM  observation  is  well  agreed  with 
that  of  SEM,  which  averaged  size  of  Pt  particle  deposited  on 
PANI/SWNT  is  approximate  20  nm  and  obviously  smaller 
than  that  of  Pt  on  PANI  film  (about  80  nm). 

These  results  may  reveal  Pt-PANI/SWNT  has  consider¬ 
ably  higher  dispersion  and  utilizations  of  Pt  than  those  of 


Fig.  8.  SEM  images  of  Pt-PANI  (a  and  b)  and  Pt-PANI/SWNT  (c  and  d)  at  Pt  loading  of  80  |xg  cm  1 . 
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Fig.  9.  TEM  images  of  Pt-PANI  (a)  and  Pt-PANI/SWNT  (b),  at  Pt  loading 
of  80  [xg  cm-1. 

Pt-PANI,  which  can  be  attributed  to  the  larger  accessible  sur¬ 
face  area  and  faster  charge-transfer  of  the  composite  films 
according  to  electrochemical  characteristics  (CV,  EIS)  of 
PANI/SWNT. 

3.6.  Methanol  electro  oxidation 

To  evaluate  the  effect  of  incorporation  of  SWNT  into 
PANI  matrix  on  methanol  electrooxidation,  the  variation  in 


current  densities  of  methanol  oxidation  representing  mass 
activity  with  Pt  loadings  on  Pt-PANI  and  Pt-PANI/SWNT 
electrodes  was  shown  in  Fig.  10.  It  is  evident  that  for  Pt- 
PANI/SWNT,  as  the  Pt  loading  increases,  there  is  a  continu¬ 
ous  increase  in  activity  from  6. 1  mA  cm-2  (Pt  =  30  p,g  cm-2) 
to  10.1  mAcm-2  (Pt=  140  |xg  cm-2).  These  data  also  indi¬ 
cate  that  the  current  increases  nearly  linearly  with  increased 
Pt  loadings,  supporting  that  increased  Pt  deposition  results 
in  an  increase  in  the  number  of  Pt  particles  and  not  an 
increase  in  size  of  the  particles.  In  the  case  of  Pt-PANI  cata¬ 
lyst,  the  activity  was  increased  from  1 .3  (Pt  =  30  [xg  cm-2)  to 
3.0 mAcm-2  (Pt=  100  fxgcm-2).  Beyond  this  loading,  the 
activity  saturates  at  approximate  3.1  mAcm-2.  This  reflects 
that  the  composite  polymer  structure  helps  to  achieve  a  fine 
dispersion  of  Pt  particles  inside  the  PANI/SWNT  matrix. 
Therefore,  comparing  to  PANI,  the  PANI/SWNT  not  only 
showed  higher  mass  activity  but  also  accommodated  more  Pt 
particles. 

According  to  the  previous  results  from  CV,  EIS  char¬ 
acterization  as  well  as  morphology  analysis  (SEM,  TEM), 
it  can  be  concluded  that  the  better  Pt  dispersion  and  uti¬ 
lization  on  PANI/SWNT  is  a  main  reason  to  enhance 
methanol  electrooxidation  on  Pt-PANI/SWNT  electrocata¬ 
lyst.  In  addition,  high  conductivity  (ionic  and  electronic) 
of  PANI/SWNT  composite  film  also  contributes  to  achieve 
high  current  density  of  methanol  oxidation.  Fig.  11  shows 
typical  current-time  responses  for  methanol  oxidation  at 
0.65  V  on  Pt-PANI  and  Pt-PANI/SWNT  catalysts  in  0.5  M 
CH3OH  +  O.5M  H2SO4.  As  expected,  the  methanol  oxida¬ 
tion  current  at  Pt-PANI/SWNT  is  obviously  higher  than  that 
of  Pt-PANI.  In  addition,  it  should  be  noticed  that  both  Pt- 
PANI  and  Pt-PANI/SWNT  catalysts  present  a  current  decay 
in  current-time  measurements,  which  was  also  observed  for 
traditional  Pt  [31]  and  PtRu  catalysts  [32]  attributing  to  the 
formation  of  some  Pt  oxide  or  adsorbed  intermediates  in 
methanol  electrooxidation  reaction  [33].  However,  the  most 


Pt  loading  (pg  cnr2) 

Fig.  10.  Current  density  of  methanol  electrooxidation  at  0.65  V  with  various 
Pt  loading.  Current  density  were  measured  at  0.65  V  from  CV  in  0.5  M 
CH3OH  +  0.5  M  H2SO4  at  a  sweep  rate  of  20  mV  s_1 . 
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Time  (min) 

Fig.  11.  Current-time  curves  of  methanol  electrooxidation  in  0.5  M 
CH3OH  +  0.5M  H2S04  on  Pt-PANI  and  Pt-PANI/SWNT  with  Pt  loading 
of  80  |xg  cm-2  at  0.65  V. 

interesting  feature  deserving  our  attention  is  that  the  decrease 
in  current  density  was  found  to  be  around  4.0%  for  the 
Pt-PANI/SWNT  from  10  to  60  min  and  the  corresponding 
decrease  for  Pt-PANI  was  found  to  be  41.8%.  This  demon¬ 
strates  that  the  activity  and  the  stability  of  the  Pt  incorporated 
PANI/SWNT  composite  film  was  higher  than  the  Pt  deposited 
into  single  PANI  film. 


4.  Conclusion 

In  this  work,  we  demonstrate  the  incorporation  of  SWNT 
into  the  PANI  matrix  during  electropolymerization  process 
by  electrochemical  codeposition  technique.  The  incorpora¬ 
tion  of  SWNT  into  PANI  matrix  not  only  leads  to  significant 
improvement  for  higher  oxidation  degree  and  lower  defect 
density  in  PANI  structure  but  also  causes  higher  accessi¬ 
ble  surface  areas,  electronic  conductivity  and  easier  charge- 
transfer  between  polymer/electrolyte  interfaces.  Moreover, 
our  results  show  that  Pt  deposited  on  PANI/SWNT  composite 
support  has  considerably  higher  dispersion  and  utilizations  of 
Pt  than  that  on  PANI  film  and  can  be  used  as  an  electrocatalyst 
for  methanol  oxidation  with  high  performance  and  stability. 
In  addition,  the  catalysts  can  also  be  employed  for  hydro¬ 
gen  and  other  low-molecular  alcohol  in  proton  exchange 
membrane  (PEM)  fuel  cells.  It  should  be  stressed  that  in  Pt- 
PANI/SWNT  catalyst,  the  electrocatalytic  properties  can  also 
be  affected  by  amounts  of  SWNT  incorporated  into  PANI  and 
the  morphology  of  electrodeposited  Pt  particles  associated 
with  the  conditions  in  polymerization  and  electrodeposition 
process,  which  is  currently  under  our  investigation. 

We  believe  that  the  combination  of  PANI/SWNT  com¬ 
posite  materials  with  large  electrochemical  accessible  sur¬ 
face  area,  well  conductive  polymer  and  a  metal  with  cat¬ 
alytic  properties  will  yield  a  very  effective  electrochemical 
catalyst. 
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